Neuronal growth cones are highly motile structures that tip developing neurites and explore their surroundings before axodendritic contact and synaptogenesis. However, the membrane proteins organizing these processes remain insufficiently understood. Here we identify that the synaptic cell adhesion molecule 1 (SynCAM 1), an immunoglobulin superfamily member, is already expressed in developing neurons and localizes to their growth cones. Upon interaction of growth cones with target neurites, SynCAM 1 rapidly assembles at these contacts to form stable adhesive clusters. Synaptic markers can also be detected at these sites. Addressing the functions of SynCAM 1 in growth cones preceding contact, we determine that it is required and sufficient to restrict the number of active filopodia. Further, SynCAM 1 negatively regulates the morphological complexity of migrating growth cones. Focal adhesion kinase, a binding partner of SynCAM 1, is implicated in its morphogenetic activities. These results reveal that SynCAM 1 acts in developing neurons to shape migrating growth cones and contributes to the adhesive differentiation of their axo-dendritic contacts.
CADM | focal adhesion kinase | growth cone | synaptic adhesion | synaptogenesis G rowth cones tip differentiating neurites and target exploration occurs through filopodia (1-3). Upon contact, axonal growth cones undergo a rapid morphological transition that initiates synaptic membrane differentiation in conjunction with the appearance of synaptic vesicles, electron-dense cleft material, and postsynaptic specializations (4) (5) (6) . Although the cytoskeletal framework of growth cones is being defined (7, 8) , the best understood roles of surface proteins are in outgrowth and guidance (9, 10) . The roles of membrane proteins in shaping growth cones and target exploration remain less well defined.
In contrast, insight has been gained into the roles of surface proteins in synaptic differentiation. Trans-synaptic interactions of synaptic cell adhesion molecules (SynCAMs), neurexins/neuroligins, ephrinB/EphB receptors, and select other proteins organize developing synapses (11, 12) . Additional proteins act in synapse maturation, notably N-cadherin (13) . Although conceptually intriguing, no evidence points to roles of these proteins in axo-dendritic contact differentiation. SynCAM 1, alternatively named CADM1/IGSF4/nectin-like 2 (14, 15) , is an Ig adhesion molecule that drives synapse formation in developing neurons. SynCAM 1 is already expressed in the late embryonic and early postnatal brain, whereas the other SynCAM family members as well as neurexins and neuroligins peak subsequently during synaptogenesis (16) (17) (18) (19) . This profile of SynCAM 1 indicates functions preceding synapse formation. We now reveal SynCAM 1 as a surface protein of axonal growth cones that assembles rapidly and stably at axo-dendritic contacts. Sites marked by SynCAM 1 can also contain synaptic markers, indicating that they have the potential to differentiate into nascent synapses. Before contact, SynCAM 1 regulates the complexity of growth cones and controls their active filopodia number, and we identify focal adhesion kinase (FAK) as a binding partner and effector in shaping growth cones. These results demonstrate that SynCAM 1 is an early player in axo-dendritic contact differentiation and organizes growth cones through a FAK-dependent pathway.
Results
Growth Cones Express SynCAM 1. To elucidate the early developmental roles of SynCAM 1, we analyzed its expression in dissociated hippocampal neurons at 5 days in vitro (d.i.v.). At this time, axons are specified and dendrites have begun to grow, but most synapses have yet to form (20) . SynCAM 1 is already prominently expressed at this stage, preceding other synaptic adhesion molecules (Fig. 1A) , and is enriched in growth cones of neurites positive for the axonal marker tau (Fig. 1B and Fig.  S1B ). SynCAM 1 knockout controls confirm antibody specificity (21) (Fig. 1C and Fig. S1 A and C). These results agree with the presence of SynCAM 1 in growth cone preparations (Fig. S2 ) and with the recent proteomic identification of SynCAM 1 as a strongly enriched growth cone protein (22) .
We next visualized SynCAM 1 in live growth cones by inserting the pH-sensitive GFP variant pHluorin (23) into the extracellular domain (see Fig. 3B for a model). This construct is functional as it rescues SynCAM 1 knockout phenotypes in immature neurons and is properly localized to mature synapses (see below). Live imaging of migrating growth cones identifies SynCAM 1-pHluorin in their central region and filopodia (Fig. S3 ), similar to endogenous SynCAM 1. To analyze the surface expression of SynCAM 1-pHluorin, we imaged growth cones while transiently lowering the extracellular pH to quench its surface-exposed pool. This leaves intracellular pHluorin molecules unaffected ( Fig. S4 A  and B) . SynCAM 1-pHluorin fluorescence in growth cones and their filopodia are almost lost at low extracellular pH, demonstrating that SynCAM 1 is expressed on the growth cone surface (Fig. S4 C-E) . We next addressed what fraction of SynCAM 1 is surface-exposed by imaging growth cones first live at neutral and then at low pH, followed by fixation, permeabilization and repeat imaging at neutral pH (Fig. 1D) . SynCAM 1-pHluorin fluorescence was indistinguishable at both neutral pH conditions (Fig. 1E) , demonstrating that only a small fraction resides intracellularly.
Rapid Assembly of SynCAM 1 upon Axo-Dendritic Contact. Filopodia participate in the rapid formation of presynaptic specializations as axonal growth cones pass dendrites (1, 24, 25) . Considering the roles of SynCAM 1 in cell adhesion, we asked whether it participates in these axo-dendritic interactions of growth cones. By selecting growth cones expressing SynCAM 1-pHluorin in approach to SynCAM 1-pHluorin-marked neurites, we find that axo-dendritic contact triggers the threefold accumulation of SynCAM 1 at contacts within 5 min (Fig. 2 A-C and Movie S1). No volumetric membrane increases occur at these sites (Fig. S5) . Interestingly, SynCAM 1 assembly not only is initiated quickly, but also is completed rapidly, as its amount increases only marginally subsequent to contact (Fig. 2B, t 45 min ) . These SynCAM 1 assemblies persist once the growth cone migrates onward ( Fig. 2A, t 90 min ) .
We next analyzed contacts between growth cones and neurites that both express SynCAM 1ΔIg1-pHluorin, a construct lacking the first Ig domain required for adhesion (14) . This construct replicates the position of pHluorin in SynCAM 1-pHluorin and is expressed on growth cone surfaces (Fig. S6) . Notably, this adhesion-deficient SynCAM 1 does not accumulate upon contact (Fig. 2 D and E) . Adhesive interactions therefore underlie the contact assembly of SynCAM 1.
To better define this assembly of SynCAM 1, we separately transfected neurons with SynCAM 1-pHluorin to detect it in growth cones or with soluble Cherry to label neurites and cultured them together. Live imaging shows that SynCAM 1-pHluorin strongly accumulates in growth cones upon contact with Cherry-positive neurites (Fig. 2 F and G) . These results demonstrate that SynCAM 1 is a growth cone adhesion protein that assembles rapidly and stably at axo-dendritic contacts.
Differentiation of SynCAM-Marked Axo-Dendritic Contact Sites. We next asked whether SynCAM 1 assemblies mark differentiating growth cone contacts. Neurons were transfected with SynCAM 1-Cherry to detect it in growth cones or with GFP-tagged PSD-95 to label dendritic clusters, plated together, and analyzed ( Fig. 2H and Fig. S7 ). Endogenous PSD-95 is already expressed at low levels in these immature neurons (see also Fig. 1A ) and can be colocalized with the comparatively low number of developing synaptic contacts (26) . Live imaging shows that growth cone filopodia containing SynCAM 1 are apposed to dendritic PSD-95 clusters. We frequently observed that these growth cone assemblies of SynCAM 1 remain juxtaposed to PSD-95-positive sites for hours (Fig. 2H) , and we recorded the gradual accumulation of PSD-95 at these contacts (Fig. S7 ). These stable sites also contain other presynaptic proteins as shown by post-hoc immunostaining for synaptotagmin I (Fig. 2I ). In consequence, discrete SynCAM 1 assemblies are retained along axonal crossing points with dendrites, and these sites remain stably apposed to PSD-95 clusters ( Fig. 2J) , with a subset containing presynaptic markers (Fig. 2J ). Consistent with a continued differentiation of these sites, Syn-CAM 1 is localized to synapses in mature neurons (Fig. S8 ).
SynCAM 1 Restricts the Structural Organization of Migrating Growth
Cones. Does SynCAM 1 function in growth cones before axodendritic contact? In support of morphogenetic roles, we observed that live growth cones containing elevated SynCAM 1 appear less dynamic than controls expressing myristoylated GFP (myrGFP) as a membrane marker ( Fig. 3 A and B and Movie S2). These optical recordings were acquired under nonlinear, high-gain conditions to trace the complete plasma membrane, unlike the analysis of SynCAM 1 localization under normal gain in Fig. 2 . We first determined the number of growth cone filopodia that alter their length or position throughout the optical recording, scoring those as "active," and show that elevated SynCAM 1 strongly reduces their number to 48 ± 11% of control levels ( Fig. 3E ). We next determined the complexity of growth cones by Sholl analysis, an algorithm to assess the general complexity of structures (27) . Because myrGFP and SynCAM 1-pHluorin delineate identical growth cone outlines ( Fig. S9 A and B), their comparative analysis was performed. This demonstrated that exogenous SynCAM 1-pHluorin lowers growth cone complexity to 52 ± 7% of control levels ( Fig. 3F ), consistent with their simpler appearance. In agreement, exogenous SynCAM 1 reduces growth cone perimeters to 49 ± 16% of control levels. SynCAM 1 is therefore sufficient to restrict growth cone filopodial dynamics and membrane complexity.
SynCAM 1 Shapes Growth Cones Through FERM Interactions. These morphogenetic roles of SynCAM 1 in growth cones pointed to interactions with cytoskeletal regulators. Such interactions can be mediated by an intracellular motif of SynCAMs predicted to bind FERM (protein 4.1/ezrin/radixin/moesin) domains (28) (Fig. 3D) , which are present in a number of cytoskeletal components such as the SynCAM-binding partner protein 4.1B (29) (30) (31) . To test this possibility, we generated a SynCAM 1ΔFERM-pHluorin mutant lacking five amino acids in this motif (Fig. 3 C  and D) . This deletion prevents FERM domain interactions (see Fig. 4A ) without altering SynCAM 1 expression in growth cone membranes as assessed from tracing studies (Fig. S9 C and D) . Interestingly, this ΔFERM mutation abrogates the effects of elevated SynCAM 1 on active filopodia number (Fig. 3E) growth cone complexity ( Fig. 3F and Movie S2). FERM domain interactions of SynCAM 1 are therefore critical to its organization of growth cones.
Endogenous SynCAM 1 Is Required to Reduce Growth Cone Dynamics and Complexity. Does endogenous SynCAM 1 organize growth cone structure? We addressed this by imaging growth cones of SynCAM 1 knockout and wild-type neurons that expressed actin tagged with the fluorescent Cherry protein to visualize their cytoskeleton. Intriguingly, growth cones lacking SynCAM 1 are more exuberant and have more than double the number of active filopodia than wild-type controls (Fig. 3 G-I) . Further, growth cones lacking SynCAM 1 are more complex (Fig. 3J) . Re-expression of SynCAM 1-pHluorin rescues these phenotypes ( Fig. 3 I and J) . The effects of exogenous SynCAM 1 in these rescued mouse knockout neurons are less pronounced than in rat neurons. This may reflect a dependency on the total SynCAM 1 dose that is higher when overexpressed in wild-type cells or a stronger exogenous expression in rat neurons. Together, these results identify endogenous SynCAM 1 as a negative regulator of the structural complexity and filopodial dynamics of growth cones.
FAK Is a Partner of SynCAM 1. We hypothesized that the nonreceptor tyrosine kinase FAK mediates the morphogenetic effects of SynCAM 1 as it contains a FERM domain, is expressed in hippocampal growth cones (32) , and negatively regulates membrane protrusions in nonneuronal cells (33) . Further, FAK affects migrating growth cones through controlling their substrate contacts (34) . FAK is best characterized in fibroblasts, where it is recruited to integrin adhesion sites to regulate the turnover of focal adhesions, large complexes that connect the extracellular matrix to the cytoskeleton (35, 36) .
To test FAK interactions, we performed affinity chromatography of forebrain extracts on the SynCAM 1 cytosolic sequence. This identifies the strong retention of FAK (Fig. 4A, lane 2) . To map this interaction, we employed a ΔPDZ mutant of SynCAM 1 lacking the three carboxyl-terminal amino acids, as well as the ΔFERM deletion described above. As expected, FAK binds SynCAM 1 independently of PDZ domains (lane 3), but requires the FERM motif (lane 4). This interaction is specific, as the FERM domain containing protein talin is not retained. The PDZ domain protein CASK served as positive control (14) . FAK binds more strongly to SynCAM 1 than to neurexin I, which also contains a motif predicted to bind FERM domains, which supports a select role of the SynCAM 1/FAK interaction (Fig. S10) . Correspondingly, SynCAM 1 extracted from forebrain bound to the FERM domain of FAK (Fig. 4B) . The coimmunoprecipitation of flag-tagged SynCAM 1 with FAK from COS7 cells supports their direct binding (Fig. 4C) . Coimmunoprecipitation from brain could not be performed due to the low precipitation yield of the anti-SynCAM 1 antibodies.
Colocalization analyses corroborate these biochemical studies. Total internal reflection fluorescence (TIRF) imaging of live COS7 cells coexpressing GFP-FAK and SynCAM 1-Cherry demonstrates that both proteins colocalize at the plasma membrane (Fig. 4D) . Interestingly, TIRF microscopy of growth cones shows that both proteins are present together in the central region and filopodia (Fig. 4E) , where they dynamically colocalize (Movie S3). Here, motile packets containing SynCAM 1 and FAK sort rapidly from the central region into filopodia at 15 ± 7 μm/min (n = 3). These results are consistent with direct interactions of SynCAM 1 and its partner FAK at the growth cone membrane.
SynCAM 1 Signals via FAK in Growth Cones. We next addressed whether FAK also is a functional effector of SynCAM 1. These studies used a dominant-negative FAK construct that lacks the FERM and kinase domains, termed FAK-related nonkinase (FRNK), which reduces FAK signaling probably via competitive binding to its partners (37, 38) . This revealed that the effects of SynCAM 1 on growth cone complexity require FAK signaling (Fig. 5A) . Additionally, the restriction of active filopodia number by SynCAM 1 (myrGFP, 4.7 ± 1.7 active filopodia; SynCAM 1-pH, 2.3 ± 1.4 active filopodia; P = 0.013; n = 7) was blocked by FRNK (SynCAM 1-pH + FRNK, 3.7 ± 0.7 active filopodia; n = 7). FAK-independent pathways likely act in concert as FRNK alone is not sufficient to reduce the number of active filopodia (FRNK, 5.1 ± 0.6 active filopodia; n = 5) and complexity (Fig. 5A) . Exogenous SynCAM 1 therefore requires FAK to shape growth cones, presumably by overriding endogenous pathways.
Finally, we addressed whether SynCAM 1 alters FAK activity in growth cones prepared from wild-type and SynCAM 1 knockout forebrains at postnatal day 5. Interestingly, loss of SynCAM 1 reduces the specific activity of FAK in growth cones by 22 ± 6% as determined after quantitative immunoblotting with antibodies against autophosphorylated, active FAK and total FAK (Fig. 5B) . Together, FAK is required for the morphogenetic activities of SynCAM 1, and SynCAM 1 alters FAK activity in growth cones. 
Discussion
This study demonstrates that SynCAM 1 performs successive functions in developing neurons from shaping growth cones to the assembly of axo-dendritic contacts. These properties are distinct from other proteins like N-cadherin, which is mostly absent from growth cones and accumulates at synapses only after the growth cone has migrated on (39, 40) , and are not shared by L1 and NCAM. These Ig proteins act in axon outgrowth and guidance (9) , and SynCAM 1 additionally contributes to these growth-cone-dependent processes as axonal pathfinding errors occur when its expression is reduced in chicken (41) . Although neurexins have also been detected in growth cones (42), they have not been characterized in this compartment.
A key finding of this study is that SynCAM 1 assembles at growth cone contacts with target neurites. This likely involves its lateral clustering, but localized exocytosis may also contribute to its delivery to axo-dendritic contacts. We presume that SynCAM 1 clusters primarily engage in homophilic adhesion, as its heterophilic partner SynCAM 2 is less prominently expressed in the early postnatal hippocampus (16) . SynCAM 2 expression increases in development, and its binding to SynCAM 1 could later refine these nascent sites. During these stages of synaptic differentiation, SynCAM adhesion may act in concert with other trans-synaptic adhesion molecules, such as neurexins/neuroligins (42) (43) (44) (45) .
Our study provides additional insight into the organization of migrating growth cones and finds that SynCAM 1 reduces the number of active filopodia. This is relevant as the regulation of filopodia by membrane proteins is insufficiently understood compared to the cytoskeletal machinery controlling these protrusions (46, 47) . Interestingly, the restriction of active growth cone filopodia number by SynCAM 1 is converse to the postsynaptic effects of EphB receptors, which are required for proper dendritic filopodia motility (48) . The expression levels of these membrane proteins may therefore mutually regulate the extent of axo-dendritic target exploration. Overall, this reduction in the membrane complexity of growth cones by elevated SynCAM 1 could result in their increased ability to maintain target contacts and differentiate them into synapses.
With respect to intracellular interactions, our results show that FAK is a binding partner and effector of SynCAM 1 in the shaping of migrating growth cones. This makes SynCAM 1 one of the few membrane proteins that directly bind FAK, together with EGF and PDGF receptors and possibly integrins (49, 50) , NCAM 140 (51), and EphA receptors (52) . FAK can be activated by engagement of its FERM domain (53) , and SynCAM 1 binding may localize and spatially define FAK activity within growth cones. This would be consistent with the reduced specific FAK activity in growth cones lacking SynCAM 1. Interestingly, FAK restricts the number of complex synapses in mature neurons (54) , and future studies will determine whether a SynCAM-FAK complex operates at synapses subsequent to axo-dendritic contact.
Materials and Methods
An extended section is provided in SI Materials and Methods and Table S1 .
Biochemical Studies. Rat forebrain homogenate was fractionated at P5-P7 (55) . Affinity chromatography was performed as described (14) .
Neuronal Cell Culture. Dissociated hippocampal neurons were cultured at postnatal day P0 or P1 (56) . Mouse neuronal cultures were prepared from SynCAM 1 knockout mice (21) and compared to wild-type littermate controls.
Live Imaging. Neuronal cultures were imaged live at 5-6 d.i.v. in modified Tyrode solution (56) on an Olympus Ix81 microscope with an autofocus system or on a Perkin-Elmer UltraView Spinning Disk microscope. TIRF imaging was performed on the Olympus Ix81 microscope. Images were obtained using a low-intensity laser line and low exposure to reduce phototoxicity. Statistical analyses were performed using two-tailed t tests, and statistical errors correspond to SEM unless indicated otherwise.
